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The multivesicular-body (MVB) pathway delivers transmem-
brane proteins and lipids to the lumen of the endosome. The
multivesicular-body sorting pathway has crucial roles in growth-
factor-receptor downregulation', developmental signalling™*,
regulation of the immune response’ and the budding of certain
envelope viruses such as human immunodeficiency virus®. Ubi-
quitination is a signal for sorting into the MVB pathway”*, which
also requires the functions of three protein complexes, termed
ESCRT-I, -II and -III (endosomal sorting complex required for
transport)”>'°. Here we report the crystal structure of the core of
the yeast ESCRT-II complex, which contains one molecule of the
Vps protein Vps22, the carboxy-terminal domain of Vps36 and
two molecules of Vps25, and has the shape of a capital letter ‘Y’
The amino-terminal coiled coil of Vps22 and the flexible linker
leading to the ubiquitin-binding NZF domain of Vps36 both
protrude from the tip of one branch of the Y’ Vps22 and Vps36
form nearly equivalent interactions with the two Vps25 mol-
ecules at the centre of the ‘Y. The structure suggests how
ubiquitinated cargo could be passed between ESCRT components
of the MVB pathway through the sequential transfer of ubiqui-
tinated cargo from one complex to the next.

The MVB pathway delivers transmembrane proteins and lipids
into small vesicles that invaginate into the lumen of the endosome.
MVBs then fuse with the vacuole/lysosome and release the vesicles
into the lumen where they are degraded by the hydrolases contained
in the vacuole/lysosome'. Proteins that remain in the limiting
membrane of the MVB are either delivered to the lysosomal/
vacuolar limiting membrane or they are recycled to the Golgi
complex or the plasma membrane. Therefore, the MVB sorting
pathway plays a critical role in the trafficking of numerous cargo
proteins within the endosomal membrane system.

Sorting of proteins into the MVB pathway is a complex, multi-
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step process. It requires coordinated functions of many protein
complexes that are conserved from yeast to humans. Screens in
Saccharomyces cerevisiae have identified numerous genes required
for the sorting and trafficking of proteins into the MVB. Mutations
in these genes result in defects in the sorting of transmembrane
proteins, such as the G-protein-coupled receptor, Ste2p, from the
plasma membrane to the vacuolar lumen by means of the MVB
pathway. Thus far, more than 20 genes referred to as class E VPS
(vesicular protein sorting) genes have been identified'"".

During MVB sorting, Hrs—Vps27 is first recruited to the early
endosome by virtue of its FYVE domain interaction with PI(3)P
(refs 13—15) and its UIM (ubiquitin interacting motif) interaction
with ubiquitinated cargo. It then recruits the ESCRT-I complex
(composed of Vps23, 28, 37) to the membrane'®. ESCRT-I recruits
the downstream ESCRT-II and ESCRT-III complexes’. After the
ESCRTs have been recruited to the endosome membrane, the
AAA-type ATPase Vps4 binds ESCRT-III and following MVB vesicle
formation catalyses the dissociation of the ESCRT protein com-
plexes in an ATP-dependent manner for further rounds of protein
sorting'”. The MVB sorting process is topologically equivalent to the
budding process for envelope viruses such as human immunode-
ficiency virus (HIV), equine infectious anaemia virus (EIAV) and
Ebola, suggesting a potential role for the ESCRTs in this event. In
fact, it has been shown that TSG101-Vps23p binds to the p6
domain of HIV-1 Gag protein and inhibition of this binding
inhibits viral budding®. The same inhibitory effect is seen with
dominant negative SKD1, the mammalian Vps4 orthologue®.

Here we report the 3.6 A resolution structure of the quaternary
ESCRT-II complex containing Vps22, Vps36 and two Vps25 mol-
ecules. Apart from the two NZF domains of Vps36, nothing is
known about the structures of any of the ESCRT subunits alone or in
the complex. These structures, in conjunction with mutational
analyses, provide a framework for an initial understanding of the
mechanisms for ESCRT assembly and function.

The 3.6 A crystal structure of the ESCRT-II core complex (Sup-
plementary Table 1 and Fig. 1a) contains two molecules of Vps25,
one molecule of Vps22 and one copy of the C-terminal 171 amino
acid residues of Vps36. The observed stoichiometry of 1 Vps22: 2
Vps25: 1 Vps36 leads to a calculated molecular weight of 138 kDa
for the intact complex. This is consistent with the 155 kDa estimated
on the basis of size exclusion chromatography of ESCRT-II purified
from yeast’. The complex adopts the shape of a capital letter Y’, with
overall dimensions of 120 X 85 X 52 A (Fig. 1b). The base of the Y’
consists of one of the two molecules of Vps25; one of the branches of
the Y’ consists of the second molecule of Vps25, and the other
branch is formed by a subcomplex consisting of Vps22 and the
C-terminal domain of Vps36. The N terminus of Vps22 is a single
a-helix that protrudes away from the tip of the Y’ shape.

Figure 1 Structure of the ESCRT-Il complex. a, Electron density from solvent-flattened
SIRAS map contoured at 0.7 o in the vicinity of the Vps25-Vps36 interface showing the
refined structure in a stick model for Vps36 Tyr 555, Tyr 556 and Tyr 557. b, Overall
structure of the complex: Vps22 is blue, Vps36 red and Vps25 green.
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Figure 2 Winged helix folds in ESCRT-II. @, WH folds are highlighted in light and dark blue
(Vps22 WH1 and WH2), light and dark green (Vps25 WH1 and WH2), and orange and red
(Vps36 WH1 and WH2); the rest of the structure is coloured grey. b, Superposition of WH2
of Vps22 and WH2 of Vps36. Colours are as in Fig. 1.
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Vps22 consists of a single N-terminal coiled coil followed by two
winged-helix (WH) domains (Supplementary Fig. 1a). All but the
first 19 residues are ordered. The N-terminal domain consists of
helices H2—-H4, the C-terminal half of H1 and the N-terminal half of
HS5. Helix H5 is shared between the helical domain and the first WH
domain. WH domains take the form HSHHSWSW, where H
denotes a helix, S a B-strand and W a “wing”'®, a loop inserted
between or after the latter two of the three 3-strands. Thus WH]1 of
Vps22 consists of H5-H7 and S1-S3. Strands 1-3 form an anti-
parallel B-sheet with strand order S1-S3-S2. A one-turn helix
follows WH2 and immediately precedes the C terminus.

The first helix projects 45 A away from the core and forms a
dimeric coiled coil with a symmetry-related Vps22 molecule. The
presence of a coiled coil in this region was anticipated on the basis of
sequence analysis’. We do not observe dimerization of ESCRT-II
complexes isolated from yeast’ or in solution (not shown), and
ESCRT-II dimerization is therefore unlikely to be the normal
function of the Vps22 coiled coil. All of the ESCRT-III subunits
contain predicted coiled coils. On the basis of predictions from
sequence analysis, it was proposed that an interaction occurs
between a Vps22 coiled coil and coiled coils in the ESCRT-III
subunits’.

Vps25 is the most flexible of the three subunits. Flexible internal
loops between residues 56-70, 110-115, 146-149 and 162-164, as
well as the C-terminal ten residues, could not be visualized in
electron density. The N terminus of Vps25 consists of linked «- and
310-helical turns (Supplementary Fig. 1b). The diproline units Pro-5
and -6, and Pro-11 and -12, respectively, initiate the two a-helical
turns. A modified WH motif follows immediately after the linked
turns. The Vps25 WHI is missing the middle helix, and contains
four additional $-strands inserted in its place.

The Vps36 C-terminal domain consists of just two canonical
WH domains (Supplementary Fig. 1c). There are short N- and
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Figure 3 ESCRT-Il complex assembly and subunit interactions. a, Vps22 (solid; blue)
interactions with Vps36 (ribbons, cylinders and sticks; red). b, Vps36 (solid; red)
interactions with Vps22 (ribbons, cylinders and sticks; blue). ¢, First Vps25 subunit
(C-chain) N terminus (stick model; green) bound to surface of Vps22—Vps36 subcomplex
(Vps22, blue; Vps36, red). d, Second Vps25 (D-chain) N terminus (stick model; green)
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C-terminal extensions and a short loop linking the two domains.
Crystallization trials were initiated with a mixture of intact Vps22,
Vps25 and Vps36. Upon microsequencing of redissolved crystals, it
was determined that the crystallized complex contained a fragment
of Vps36 comprising residues 396-566. The cleavage is attributed to
trace amounts of protease contamination in the crystallized
material. The proteolytic stability of the C-terminal portion of
Vps36 is consistent with the structural finding that it
makes extensive interactions within the core of the complex. The
N-terminal portion of Vps36 contains two copies of a NZF zinc-
finger motif. The second NZF finger of Vps36 binds ubiquitin and is
thought to be the main site of interaction between ESCRT-II and
ubiquitinated cargo proteins'. The proteolytic susceptibility of the
region connecting the second NZF motif at residue 203 and the start
of the C-terminal domain at 396 suggests that a flexible linker
connects these two domains.

None of the three ESCRT-II subunits has discernable homology
between each other at the amino acid sequence level. However all
three have in common a structure based on two copies of the WH
fold (Fig. 2a). For example, the WH2 of Vps36 superimposes on the
WH2 of Vps22 with a root mean square deviation (r.m.s.d.) of 1.8 A
over 59 Co positions (Fig. 2b). The internal WH folds also super-
impose well on each other. The WH1 and WH2 folds of Vps22 can
be superimposed with a r.m.s.d. of 1.9 A for 51 Ca positions. In
contrast to the similarity in the individual WH folds, the relative
orientation of the two WH folds in Vps22 and Vps36 differ
markedly, and the tandem WH fold cannot be superimposed
simultaneously.

The Vps22-Vps36 interaction is the most extensive in the com-
plex (Fig. 3a, b). This interaction buries a total of 2,527 A% of
solvent-accessible surface area from both partners, over a contact
area whose longest dimension extends to 53 A. The two subunits
form a roughly parallel side-to-side arrangement, with the WH1

bound to subcomplex (surface Vps36, red; Vps22, blue). e, Wings and sheet of Vps22
(blue) interacting with Vps25 molecule 1 (green). f, Wings and sheets of Vps36 (red)
interacting with Vps25 molecule 2 (green). Underlined residues were mutated as indicated
in Supplementary Table 2.

NATURE | doi:10.1038/nature02914 | www.nature.com/nature




and WH2 folds each in contact with their cognates from the
opposing subunit.

Vps22 uses its C-terminal sheet and wings and adjacent regions to
bind one Vps25 molecule (Fig. 3c). Vps25 interacts with Vps22
through its N terminus, helix H1 and the loop immediately
preceding H3. The interaction buries a total of 1,689 A% of sol-
vent-accessible surface area from both partners. The focal point of
the Vps25 binding site on Vps22 is an aromatic cage made up of the
side chains of Trp 212, Trp 224 and Trp 228. Pro 226 and Ile 229 also
contribute to the walls of the cage. Together these residues com-
pletely surround and bury Phe 10 of Vps25. The hydrophobic
contact surface extends over a radius of roughly 10 A surrounding
Phe 10. In addition to the many hydrophobic interactions, a salt
bridge is formed by the well-ordered side chains of Asp 214 (Vps22)
and Arg 83 (VpsZS) Vps22 approaches within 4A of Vps25
molecule 2, which is tightly bound to Vps36. Vps25 molecule 2
has little interaction with Vps22, burying a total of only 332 A2,

The parallels between the Vps36—-Vps25 and Vps22—Vps25 inter-
actions are striking (Fig. 3d—f). Phe 10 of Vps25 is buried in an
aromatic cage on Vps36. The cage on the sheet and wings of Vps36 is
formed by Leu 546, Tyr 557, Tyr 561 and Trp 562. A salt bridge is
formed between Arg 83 of Vps25 and Asp 548 of Vps36. The total
surface area buried is 1,524 A%, identical to that between Vps22 and
Vps25, within error. In contrast to Vps22, Vps36 has significant
interactions with the Vps25 molecule 1. This secondary interaction
buries 736 A% of surface area. Helix H5 and the hairpin turn between
S5 and S6 of Vps36 make interactions with the N-terminal part of
H1 of Vps25 molecule 1.

To determine which subunit interfaces participate in the assembly
of ESCRT-II, and which interactions are required for function,
mutations were engineered that blocked each of the subunit inter-
faces (Fig. 4). The Vps36 mutation Y441A disrupts hydrophobic
interactions between Vps36 and Leu 97, Ile 100, Leu 141 and Leu
144 of Vps22 (Fig. 3a). Vps36 Y441A has a class E phenotype, and
formsa 1:1 Vps25:Vps36 subcomplex (Supplementary Table 2). The
Vps22 mutation 1100D disrupts the same hydrophobic cluster at
Y441A (Fig. 3b). This mutant has a class E phenotype and forms a
1:1 Vps22:Vps25 subcomplex (Fig. 4a). The behaviour of these
mutants shows that the Vps22—Vps36 interface is subject to muta-
tional disruption, that subcomplexes can exist in vivo without this
interface and that subcomplexes lacking Vps22 or Vps36 are not
functional in vivo.

To analyse the functions of the two Vps25 molecules, mutations
were made in Vps25 and in the binding sites for Vps25 on Vps22
and Vps36. The mutation F10D at the heart of the Vps25 interface
with both of the other two subunits (Fig. 3c—f) leads to a class E
phenotype and the detection of Vps25 as a monomer only. The
mutation R83D, which removes salt bridges with Vps22 Asp 214
and Vps36 Asp 548 (Fig. 3¢c—f), also leads to a class E phenoytpe and
amonomer Vps25 (Fig. 4a, b). Of the three mutations in the Vps22
binding site for Vps25, W212D, D214A and Q216A, the first
two lead to class E phenotypes and formation of 1:1:1
Vps22:Vps25:Vps36 subcomplexes (Fig. 4a, b). The mutation at
Gln 216, which is more solvent-exposed and appears to make
weaker interactions than the other two residues mutated in this
site, has a wild-type sorting phenotype and forms the wild-type
1:2:1 tetramer. The Vps36 mutation D548A is the structural
counterpart of the Vps22 mutation D214A, but has a wild-type
phenotype. Vps25 molecule 2, the partner for the Vps36 binding
site, buries 250 A*> more in interactions with the Vps22-Vps36
subcomplex than does Vps25 molecule 1. The additional interaction
area may make it more difficult to disrupt this interaction. The
mutation D548R disrupts the interface to a greater degree than
D548A, and results in a class E phenotype and a 1:1:1
Vps22:Vps25:Vps36 subcomplex (Fig. 4a). These results demon-
strate that both Vps25 molecules are required for ESCRT-II complex
assembly and sorting function.

NATURE | doi:10.1038/nature02914 | www.nature.com/nature

letters to nature

The structure of the salt bridge between Arg 83 of Vps25 and Asp
548 of Vps36 suggested that a charge reversal mutation at one site
might serve as a second-site suppressor of a mutation in the other
site. The double mutant Vps25%% Vps36°**R has a class E
phenotype and a combination of Vps25 monomers at 1:1:1
Vps22:Vps25:Vps36 subcomplex is observed (Fig. 4a). The class E
phenotype is consistent with the abrogation of the Vps22-Vps25
interface by the Vps25 R83D mutation, which is not rescued
by the Vps36 D548R mutation. The existence of a 1:1:1
Vps22:Vps25:Vps36 subcomplex, as compared to its absence in
the R83D single mutant, is consistent with the rescue of the Vps25—
Vps36 interface by the second mutation. This result elegantly
corroborates the structural observation of charge complementarity
in the Vps25 binding sites.
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Figure 4 Mutational analysis of ESCRT-II subunit interfaces. a, Mutations at the molecular
interface of ESCRT-II disrupt complex assembly, leading to subcomplex and monomer
formation, as determined by gel filtration chromatography. Cartoons to the right (Vps25,
green; Vps22, blue; and Vps36, red) indicate the corresponding complex/subcomplex
composition of ESCRT-II and elution of molecular weight standards are indicated at the
bottom. b, ESCRT-II subunit interface mutants exhibit defects in sorting MVB cargo
(GFP—CPS) to the lumen of the vacuole and instead traffic them to the limiting membrane
(FM4-64) of the vacuole.
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The study of the ESCRT-II complex reported here offers struc-
tural insight into the core complexes that sort ubiquitinated
membrane proteins into multivesicular bodies. The central obser-
vations are that ESCRT-II consists of a rigid, Y-shaped core scaffold
with a protruding coiled coil for putative interactions with other
ESCRT complexes, and a ubiquitin-binding domain attached by a
long flexible linker. The mechanism of ubiquitinated cargo sorting
can now be considered in the context of three-dimensional struc-
tural information. This mechanism is operative in human cells
and is of profound medical importance. The budding or fission of
HIV-1 and other retroviruses from human macrophages, and under
appropriate conditions other cell types, occurs by this pathway. Our
report concerns the yeast ESCRT-II complex; the subunits of yeast
ESCRT-II are highly homologous (Supplementary Fig. 2) with their
human counterparts throughout the core (although the human
homologue of Vps36 lacks the N-terminal NZF domains), and
therefore the structure reported here provides a reasonable basis for
insights into the sorting mechanism in both yeast and human cells.

At least three ubiquitin-binding domains are involved in three
sequential steps in the recruitment and hand-off of ubiquitinated
cargo between the Vps27-Hsel (Hrs—STAM in mammals) and
ESCRT complexes. The Vps27-Hsel complex recruits ubiquiti-
nated cargo through the UIMs in Vps27. The cargo is transferred
to ESCRT-I where it is bound to by the UEV (ubiquitin conjugating
enzyme E2 variant) domain of Vps23. The cargo is then transferred
to the second NZF domain of Vps36 in ESCRT-II. The affinity of
each of these domains for ubiquitin is modest: ~250, 500 and
180 pM for the Vps27 UIM-12*?', Vps23 UEV®****> and Vps36 NZF-
2", respectively. Because the affinities are low and do not follow an
obvious hierarchy, it is difficult to account for the specificity and
directionality of trafficking on the basis of affinities alone.

The ESCRT-II structure shows that the coiled coil domain is
closely juxtaposed with the Y-shaped core of the complex. This
suggests that the larger oligomers of ESCRT complexes could form a
highly organized scaffold. Such a scaffold could prevent the ubiqui-
tinated cargo from diffusing away from one of the low-affinity
binding domains in the complex. In contrast to the close juxtaposi-
tion of the coiled coil with the core, the ubiquitin-binding domain is
attached to the core by a long tether. Whereas the structure of the
ESCRT-I complex is unknown, the situation may be similar in that
there is a predicted 40-amino-acid flexible linker between the
ubiquitin-binding UEV domain of Vps23 and the remainder of
the subunit. This suggests that these complexes are equipped with
long swinging arms for the transfer of cargo over distances of tens to
hundreds ofA in the course of sorting (Supplementary Fig. 3). A
complete mechanistic understanding of this pathway will require
additional structures of the remaining complexes as well as those of
the higher order complexes of complexes. The resolution of the first
one of these structures provides the first detailed glimpse into the
mechanism of ESCRT complex formation and a conceptual and
practical foundation for the long-term effort in the field to reach
this goal. O

Methods

Protein expression and purification

The DNA sequences encoding Vps22, Vps25 and Vps36 were amplified by polymerase
chain reaction (PCR) to generate cassettes containing the Shine-Delgarno translational
start signal and cloned directly into the polycistronic pST39 expression vector*. Vps22
was tagged with an N-terminal hexahistidine tag and a TEV protease cleavage site; the
other subunits were untagged. The plasmid was transformed into Escherichia coli strain
BL21(DE3) Codon Plus RIL and expressed by inducing with 0.5 mM
isopropylthiogalactoside (IPTG) at an absorbance at 600 nm (A go0) of 0.8 and grown at
15 °C for 36 h. Cells were lysed by high pressure homogenization in 50 mM Tris (pH 7.5),
300 mM NaCl, 5 mM B-mercaptoethanol (8ME) and 100 pl of protease inhibitor cocktail
(Sigma) per litre of culture medium. The ESCRT-II complex was isolated using Talon
Co2 + affinity chromatography (Clontech). The histidine tag was removed with TEV
protease, concomitant with dialysis in 50 mM Tris (pH 8.0), 150 mM NaCl and 5 mM
BME. The ESCRT-II complex was further purified with a second Talon affinity column and
a Superdex S 200 gel filtration column.
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Crystallization and data collection

Crystals of the ESCRT-II complex were obtained using hanging-drop vapour diffusion by
mixing 3 pl of 10 mg ml~* protein solution and 3 pl of 100 mM HEPES (pH 7.4) and 1.4 M
NaAcetate. Crystals grew to 0.7 mm per side in ~3 weeks. The content of the crystals was
determined by mass spectrometry (MALDI-TOF) and automated N-terminal sequencing.
Crystals were cryo-protected in mother liquor supplemented with 25% glycerol and flash-
frozen in liquid nitrogen. Xenon-derivatized crystals were prepared in an Xcell pressure
chamber (Oxford Cryosystems) at 20 bar for 5 min. Diffraction data were collected at

X\ = 1.0A from native and Xe-derivatized ESCRT-II crystals at beamline ID-22 at the
Advanced Photon Source, using 0.5° oscillations, 1s exposures and a Mar225 CCD
(charge-coupled device) detector. Additional native data were collected at A = 1.8A at
beamline 9-2 at the Stanford Synchrotron Radiation Laboratory. Data were indexed and
reduced using HKL2000 (HKL Research).

Structure determination

Five Xe sites were located in an automated Patterson search using the program SOLVE®.
The resulting density synthesis was improved by density modification in RESOLVE* using
asolvent fraction of 0.75. The map was interpreted manually using the interactive graphics
program O”. Given the low resolution of the density map, the assignment of an amino
acid sequence to the subunits was greatly facilitated by the use of secondary structure
predictions®. Subsequent to sequence assignment and model building, a A = 1.8 A native
anomalous difference Fourier (AF) synthesis at 4.5 A resolution was used to verify the
locations of sulphur atoms in Cys and Met residues. The AF synthesis contained peaks for
8 of 11 Satoms in Vps22 (Met 36, Met 66 and Cys 67 absent), 9 of 9 S atoms in Vps36, and 3
of 3 S atoms in the N-terminal half of Vps25. The AF synthesis could not be interpreted
reliably for the C-terminal half of Vps25 and the sequence assignment is therefore tentative
for this region and for the N-terminal ~50 residues of Vps22. The model was refined in the
CNS program using torsional dynamics and the maximum likelihood target function®.
The final model has no residues in disallowed regions of the Ramachandran plot.

Plasmid construction and yeast strains

DNA encoding a haemagglutinin (HA), Myc and Flag epitope were introduced just
before the stop codon in the chromosomal copy of VPS22, VPS36 and VPS25,
respectively. VPS22-HA, VPS36-Myc and VPS25-Flag sequences were then amplified
from genomic DNA. The Sall/Spel-digested PCR product of VPS22—-HA, the Sphl/Sacll-
digested PCR product of VPS36—-Myc and the Sall/SaclI-digested PCR product of VPS25-
Flag were ligated with Sall/Spel-digested pRS416, Sphl/SaclI-digested pSJ001 and Sall/
Sacll-digested pRS416, respectively, to generate pMB170, pSJ004 and pSJ072. Vps22,
Vps36 and Vps25 interaction site mutations were introduced into pMB170, pSJ004 and
pSJ072 by Quickchange mutagenesis (Stratagene). pGO45 (green fluorescent protein
(GFP)—carboxypeptidase S (CPS) (GFP—CPS)) has been described™. The following
yeast strains were used: SEY6210 (MAT« leu2-3, 112 ura3-52 his3-A200 trpI-A901lys2-
801 suc2-A9); MBY31 (SEY6210.1; vps22A1::HIS3); MBY30 (SEY6210;

vps36A1::HIS3)’; BWY101 (SEY6210; vps25A1::HIS3); SJY021 (SEY6210; vps25A1::HIS3
vps36A1::HIS3).

Microscopy

Living cells expressing the GFP-CPS chimaera were harvested at an A gy of 0.4-0.6,
labelled with FM4-64 for vacuolar membrane staining and resuspended in medium for
visualization. Visualization of cells was performed on a fluorescence microscope (Axiovert
S1002TV; Carl Zeiss Microlmaging, Inc.) equipped with fluorescein isothiocyanate
(FITC) and rhodamine filters, captured with a digital camera (Photometrix) and
deconvolved using Delta Vision software (Applied Precision Inc.). Results presented were
based on observations of >120 cells.

Gel filtration analysis

For gel filtration analysis, yeast cells were spheroplasted and lysed in PBS containing

0.1 mM AEBSE 1 pgml™' pepstatin A, 1 pgml ™' leupeptin, | mM benzamide and
protease inhibitor cocktail (Complete; Roche Molecular Biochemicals). The lysate was
precleared for 5 min at 300 g followed by a 100,000 g centrifugation. The following lysate
was loaded onto a Sephacryl $200 column (16/60; Amersham Life Sciences) and separated
with PBS. Fractions were analysed with western blotting using anti-HA, anti-Myc and
anti-Flag antibodies.
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Supplementary Figure 1
Structures of ESCRT-II subunits. a. Structure of Vps22. b.
Structure of Vps25. c. Structure of Vps36.
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Supplementary Figure 2

Sequence conservation in ESCRTH-II. a, Structure-based
alignment of Vps22 and homologues with amino acids
highlighted in red (identical in all species), and orange
(conserved in at least four of five species shown). b, Vps25 and
homologues; ¢, Vps36 C-terminal domain and homologues.
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Supplementary Figure 3

Trafficking of ubiquitinated membrane proteins by ESCRTs.
ESCRT-I binds Ub-cargo through the UEV domain of Vps23.
The second NZF domain of Vps36 binds Ub-cargo.
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Supplementary Table 1

Crystallographic data Collection, Phasing, and Refinement
Statistics.



Table 2. Mutational analysis of ESCRT-IT assembly and function

ESCRT-1I Mutant PIH.'I'II.II.}F\.' Gel Filtrationd MW Cﬂlﬂplll'll.‘l'l[[n‘l Protein®
(GFP-CP3R) Stability
Wips22-Vps23 Inerface
Wpsahi ClassE Subcomplex-120kD) Wpa2 24V padn+ VpslH 2) ++
W ps 22 ClassE Subcomplex(-120kD) Vs 224V psd e+ Vpsl i) -
W s 22 WT Complexi—1 55kD) Vs 224V ps 36+ Vps25{ 1+2) 4+
Wps22-Vpa 30 Interface
"."ps-l} [ ClassE Suhmmplta[—."rﬂ (3] "\"p.‘.fi—'v'jhl"[]? -+
Wips36-Vps23 Inerface
W ps 36T WT Complexi—| 60KD) Vps2 24V ps 36+ Vpe25{ 1+2) At
Wps 36" E ClassE Subcomplex(-130kD) Va2 24V pade+Vps2 5L e

Wips36-Vps22 Inerface
"r'pei.:lh"._"" ClassE Subcornples) - 10HKD) VpsheVpa25(2) +++

Wps25-Vpa22!
Wps 25V pa 30 Interface

".-'pa.!.i"""' ClassE Moisoiner-25kD) "r'p's!ﬁ -+

Vps2aum ClassE Monomer-25k0) Wps25 -+

Vs 2ET ClassE Monomeri-25k0) Vs =+

‘v'p:\.f.‘"k"” ClassE Slonsomen-25k00 Wpsls -

Wpa2A Py g 3R ClassE Monomes{-25kD) Vpsls ++
Subcomplesi-130kD) Wpa2 24+ pade+ Vpsl i 2)

“Fractions i gel filiration analvsis were analyzed with antibodies specific for agged mutant proteins.
"Protein stabilities of the mutants relative to the correspoding wild type ase represented by ++5+ (90-
Ty, =0 S0-R0S ), +++(30-0049 ) and +(10-305% ).

Supplementary Table 2
Mutational analysis of ESCRT-II assembly and function.



